INTRODUCTION
Since prothrombin is normally recognized by the biological action of its activation product, thrombin, it has hitherto not been possible, in cases of prothrombin deficiency, to distinguish between lack of synthesis of this protein and the production of an altered, biologically inactive zymogen molecule. The recent development of Received for publication 9 June 1969. methods for the purification of human prothrombin (1) (2) (3) and the availability of specific antisera (4) (5) (6) (7) have permitted the use of physical and immunologic techniques for the investigation of this problem. Thus, one previously reported case of congenital hypoprothrombinemia (8, 9) has been found to lack almost completely any material capable of being fractionated by a standard technique for the isolation of plasma prothrombin (10) . In two other unrelated cases, the deficiency of plasma prothrombin was equally severe by biological and immunologic assays (5, 1) . We have studied a large family, in which 11 members have halfnormal levels of prothrombin biological activity. Affected individuals, however, possess normal circulating quantities of immunoreactive zymogen. It appears that these individuals are heterozygous for the synthesis of a defective prothrombin molecule, which is incapable of forming the enzyme thrombin. We propose that this defective molecule be termed "prothrombin Cardeza."
METHODS

Coagulation methods
For the preparation of plasma, blood was collected with plastic syringes into 36 volume of 0.1 m sodium citrate and transferred to plastic or silicone-coated test tubes. After centrifugation for 15 min at 4VC and 2500 g, the plateletpoor plasma was removed and either tested directly or quickfrozen in acetone-dry ice and stored at -85tC.
Serum was prepared from blood collected without anticoagulant into sterile, uncoated glassware, and incubated first at 37°C for 3-6 hr, then at 4C overnight. The clot was removed by centrifugation and the serum stored frozen.
Plasma prothrombin was assayed by the two-stage technique of Ware and Seegers (11) , slightly modified (2) . Results were corrected for the volume of anticoagulant used in the blood collection. This assay measures the thrombin generated from prothrombin by the action of a tissue extract and factors V, VII, and X. 1 U of thrombin is defined as that amount clotting a standard fibrinogen solution in The Journal of Clinical Investigation Volume 48 1969 Ma1 15 sec, and 1 U of prothrombin is defined as that amount of zymogen giving rise to 1 U of thrombin.
Fibrinogen concentration was measured by the method of Ellis and Stransky (12) . Factor V was assayed by correction of the prolonged prothrombin time of aged, oxalated human plasma (13) . Factors VII and X were measured by correction, respectively, of the prothrombin time and Russell's viper venom time of congenitally deficient substrate plasmas. Assays for factors VIII, IX, and XI were done by standard one-stage methods, as previously described (14) .
During prothrombin activation experiments (see below) thrombin concentrations were determined by adding 0.1 ml of a suitable dilution of test material to a tube containing 0.1 ml of fibrinogen solution and 0.3 ml of buffered acaciacalcium solution, so that, except for the absence of tissue extract and accessory factors, conditions were the same as in the clotting stage of the prothrombin two-stage assay (11, 2) .
Prothrombin activation
Prothrombin was isolated from the fresh acid citrate dextrose (ACD)-plasma of a normal donor and family member II-7 by a previously published method (2) , which involves successive adsorptions on diethylaminoethyl cellulose (DEAE-cellulose) and barium citrate, followed by precipitation with ammonium sulfate. This material ("step 3" prothrombin) , which is about 95% purified, still contains significant quantities of factors VII, IX, and X, and can be activated in 25%o sodium citrate (15) . For some experiments prothrombin was further purified by ion-exchange chromatography on Biorex 70 (16, 2) . This material ("step 5" prothrombin) is homogeneous by several physicochemical and immunologic criteria, is essentially free of all other coagulation factor activities, and activates poorly, if at all, in 25% sodium citrate. " Step 5" prothrombin has a specific activity of 1970 two-stage U/mg protein.
Intrinsic activation (17, 18) . To a glass test tube containing 0.3 ml of a standard citrated normal plasma was added 0.33 mg of normal or patient II-7 "step 5" protfhrombin in 0.1-0.2 ml, and the volume brought to 2.75 ml with imidazole-buffered saline, pH 7.2 (14) . The mixture was warmed to 370C and recalcified with 0.25 ml of 0.1 is CaCis. The initial concentrations of prothrombin activity in the normal and patient systems were 210 and 96 U/ml, respectively. Two-stage prothrombin and thrombin assays were performed at frequent intervals.
Extrinsic activation (11) . "
Step 3" prothrombin from a normal individual or from patient II-7 was activated with tissue extract in the standard two-stage prothrombin assay. Protein concentration of the prothrombin was the same in both activation mixtures, approximately 0.4 /g/ml.
Citrate activation (15) . Normal or patient II-7 "step 3" prothrombin, at a concentration of 2.2 mg/ml, was mixed with an equal volume of 50 gm/100 ml sodium citrate solution and incubated at room temperature. Aliquots were removed for two-stage prothrombin and thrombin determinations over the subsequent 80 hr. Initial prothrombin concentrations were 2000 and 780 U/ml, respectively, for the normal and patient incubation mixtures.
The development of tosylarginylmethylester (TAMe) esterase activity was also followed during citrate activation (19) . Aliquots of the activation mixture were diluted in imidazole-buffered saline and the TAMe esterase activity measured at 220C in a Radiometer recording pH-stat, according to the method of Ehrenpreis and Scheraga (20) .' Activity is expressed as micromoles of TAMe hydrolyzed per minute per milliliter of activation mixture, as determined from the initial slope of the TAMe hydrolysis reaction. No TAMe esterase activity was detectable at the beginning of citrate activation.
Trypsin activation (21, 22) . To 1 ml of a 125 pg/ml solution of normal or patient II-7 "step 3" prothrombin were added 0.1 ml of 0.1 M CaCi, and 0.1 ml of a 50 pug/ml solution of trypsin in 0.001 M HCU. The mixture was incubated at 370C and prothrombin and thrombin assays were performed over the next 60 min. Assuming a molecular weight for human prothrombin of 70,000-75,000 (10), the trypsin: prothrombin molar ratio was 1: 8. Initial concentrations of prothrombin-activity were 200 and 100 U/ml, respectively, in the normal and patient activation systems.
Prothrombin turnover 18 /Ac of normal "step 3" prothrombin-a'I was injected intravenously into patient II-7, and the disappearance of plasma radioactivity monitored. Technical details of this procedure and normal prothrombin metabolic parameters have recently been published (23) .
Immunologic methods
Rabbits were immunized by the subcutaneous injection of "step 5" prothrombin in complete Freund's adjuvant once a week for 3 wk (6). Serum was harvested 5 days after the last injection and periodically thereafter. On immunoelectrophoresis (24) antisera develop a single precipitin arc against the provoking antigen and against normal citrated human plasma (Fig. 5, top) . On incubation of antisera with normal citrated human plasma for 1 hr at 370C prothrombin activity is totally neutralized, without any decrease in the levels of other coagulation factors, including the other vitamin Kdependent factors VII, IX, and X (6).
IgG fractions of rabbit antisera were prepared by repeated precipitation with ammonium sulfate at 33% saturation (25) .
Immunologic be assayed, a calibration curve relating heights of peaks to concentration of plasma is constructed, and the unknowns are read from the calibration curve. In our hands the method has a reproducibility of ± 7%.
Family study
The propositus (Fig. 1 , III-7) is a 13 yr old boy who was first brought to our attention at age 11, having bled excessively during a neurosurgical procedure necessitated by a subdural hemorrhage secondary to head trauma. As a result of this trauma he lost the greater part of the vision in his left eye. The only other major bleeding incident occurred at 6 yr of age, when he required two transfusions after tonsillectomy. His parents have noted occasional minor bruising since early childhood, but he has had no episodes of hemarthrosis, hematuria, gastrointestinal hemorrhage, or serious epistaxis.
Physical examination revealed a well developed, well nourished 11 yr old boy with severe visual loss in the left eye, and hyperextensible wrist and interphalangeal joints. No abnormalities were detected in the thickness or elasticity of the skin.
Investigation of the propositus' large family revealed only one other family member who bled excessively. A maternal uncle (Fig. 1, II-9 ) suffered from repeated episodes of subcutaneous bleeding and died at the age of 32 of an intracerebral hemorrhage. A diagnosis of classical EhlersDanlos syndrome (28), had been made early in life. In addition to the connective tissue disorder, studies showed a slightly prolonged one-stage prothrombin time and a depression of two-stage plasma prothrombin activity. This patient was among those reported by Day and Zarafonetis in their study of coagulation defects in the Ehlers-Danlos syndrome (29, case 2) . Subsequent examinations failed to disclose stigmata of the Ehlers-Danlos syndrome in any other members of the family.
Detailed coagulation studies are presented in Table I . The propositus (III-7) showed a depression in two-stage prothrombin to less than half the normal level (normal range, 260-330 U/ml), as did his brother (III-8) and his mother (II-7). His father's (II-8) prothrombin level was in the normal range. The only other coagulation defect noted was the propositus' factor VIII activity of 30% of normal. No other family member tested had a subnormal level of factor VIII. Patient II-9 had normal prothrombin consumption and thromboplastin generation tests (29) , but these results do not exclude the possibility of a moderate deficiency in factor VIII. RESULTS 10 family members, in addition to the deceased uncle, II-9, had abnormally low levels of plasma prothrombin activity (Fig. 1 ). All members were tested at least twice, at intervals of 6 months or more.' Two-stage prothrombin values of affected members ranged between 100 and 174 U/ml, with a mean of 140 U/ml, half the normal mean. Two potentially affected affected family members were not tested: II-16, who died in infancy of unknown causes, and III-4, who was out of the country.
'Repeated testing has shown that two family members, II-3 and II-10, initially thought to be affected on the basis of single tests (J. Clin 
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No abnormalities in liver function were noted in any affected individuals, and no deficits in other vitamin K-dependent coagulation factors were observed (Table  I) . The propositus showed no response to parenteral vitamin K administration. Hypoprothrombinemic individuals of both sexes are represented in the three generations of this pedigree, and both sexes have transmitted the defect. The possibility that hypoprothrombinemia might be caused by abnormally rapid prothrombin catabolism, or by the presence of a circulating prothrombin inhibitor, was excluded in two ways. (a) In vivo metabolism of normal "step 3" prothrombin was studied in one affected individual, II-7, and the results are depicted in Fig. 2 (27) . A typical assay is shown in Fig. 3 . The sensitivity of the method is illustrated by the standard plasma dilution curve (wells 5-9). Well 9 contains a 1: 32 dilution of plasma, representing a prothrombin concentration of approximately 4 jg/ml, or a total of 20 ng in the well. With suitable adjustment of the antibody concentration in the agarose gel, prothrombin concentrations of less than 1 U/ml (0.5 pg/ml) can be detected. The first four wells contain 1: 2 dilutions of plasma from four affected family members. The precipitin peak heights are similar to that of the 1: 2 dilution of standard plasma (well 5). Quantitation, on the basis of the calibration curve constructed from the standard plasma dilutions, gives values for immunoreactive prothrombin of 112, 125, 100, and 87% of normal, respectively, for the plasmas in wells 1-4. Validity of these results depends on the assumption that the electrophoretic mobilities of the immunoreactive material in patient and normal plasmas are identical. Since it has been reported that an inactive prothrombin precursor, with anomalous calcium-binding properties, may be present in the plasma of patients treated with coumarins (30), immunoelectrophoresis of patient and normal "step 3" prothrombin was also performed in calcium-containing buffers. Again, no reproducible differences were seen between these preparations. To investigate the possibility that the thrombin moiety exists intact within an abnormal zymogen molecule, but is not capable of being released by tissue activation, several different modes of prothrombin activation were studied (Fig. 4) . Equal quantities, on a milligram basis, of patient or normal prothrombin were placed in each activation mixture, and the thrombin generated was measured. During extrinsic (tissue extract), intrinsic (plasma), citrate, and trypsin activation, patient prothrombin generated, respectively, 38, 53, 35, and 40% of the thrombin activity of the normal system. As might be expected, however, the thrombin yield expressed as a percentage of the initial two-stage prothrombin units was quite similar in normal and patient systems.
Since it has been shown that the ability of thrombin to clot fibrinogen may be abolished without interfering with its ability to hydrolyze small synthetic ester substrates (19) , the generation of TAMe esterase activity was followed during citrate activation. As can be seen from Table IV , no disproportionate elaboration of esterase activity occurred, the ratio of esterase to clotting activities being the same for patient and normal activation mixtures.
The foregoing studies demonstrate that, regardless of the means of activation and of the substrate used for detecting thrombin, only half as much enzymatic activity is released from patient prothrombin as from an equal weight of normal prothrombin. These results are consistent with the existence in patient plasma of two populations of prothrombin molecules, one with full biological activity and one incapable of being activated. Although the pattern of heredity suggests this explanation, the results are equally consistent with the presence of a single population of molecules with half-normal reactivity. These alternatives were explored by examining patient serum for prothrombin activation products by immunoelectrophoretic techniques.
During normal blood coagulation prothrombin is cleaved into two major components (18) . The thrombin is rapidly neutralized by plasma antithrombins and is not detectable in serum. The nonthrombin moiety, the socalled "pro piece," is easily detectable by immunologic means (Fig. 5) thrombin-related protein as in biologic activity (5, 10,1). The present family represents the first in which a structural disorder of prothrombin has been found. The hereditary pattern is autosomal, and biochemical studies confirm the fact that affected individuals are heterozygotes. Heterozygosity for "prothrombin Cardeza" is associated with 50% levels of prothrombin activity and slightly prolonged prothrombin times. A bleeding tendency is not present, save for two family members in both of whom the Ehlers-Danlos syndrome was diagnosed and one of whom, the propositus, also has depressed levels of factor VIII. The presence of the Ehlers-Danlos syndrome in this family is of interest, in view of the reports of this syndrome associated with a variety of coagulation deficits (28) . It is also of interest that at least two families have been reported with apparent X-linked transmission of this syndrome (56) , a pattern consistent with the findings in this family. There is no evidence of a relationship between the connective tissue disease and "prothrombin Cardeza," nor could any linkage be established between the prothrombin defect and a number of red cell and plasma protein genetic markers. 5 The nature of the structural defect in "prothrombin Cardeza" was studied by biologic and immunologic methods. Deficient thrombin elaboration when patient plasma is activated in a normal plasma system (intrinsic activation, Fig. 4) clearly implicates an abnormality of prothrombin, rather than an abnormality of the patient's prothrombin converting mechanism. Immunoelectrophoresis demonstrates that all the patient's prothrombin disappears during blood coagulation, although only half gives rise to active thrombin and a normal serum "pro piece." The remainder is present in serum as an abnormal electrophoretic component. Preliminary studies with 'I-labeled patient prothrombin suggest that the abnormal serum component has a molecular size only slightly smaller than prothrombin,6 and similar to that of the major intermediate occurring during normal intrinsic prothrombin activation (18) .
The finding that, the normal serum "pro piece" is a doublet is presently unexplained and requires further investigation. Since both the normal and abnormal serum components are adsorbable by prothrombin adsorbents (6) , these cleavage products can be purified readily. Studies are presently underway to compare the serum activation product of "prothrombin Cardeza" with the normal "pro piece," Note Added in Proof. Recently a second abnormal prothrombin has been discovered (Josso, F., J. M 
